p38 mitogen-activated protein kinase is activated and involved in cleavage of caspase-3 during apoptosis induced by a number of stimuli. However, the signaling events triggered by p38 that result in caspase-3 activation are still unknown. In human leukemia cells, two reactive oxygen species, singlet oxygen and hydrogen peroxide (H 2 O 2 ), selectively stimulated the phosphorylation of p38. Preincubation of cells with SB203580, a specific inhibitor of p38, dose dependently inhibited DNA fragmentation induced by singlet oxygen but not by H 2 O 2 . Protection from apoptosis by SB203580 correlated with inhibition of caspase-3, and several events that are associated with caspase-3 activation, including Bid cleavage, decrease in mitochondrial transmembrane potential and release of cytochrome c from mitochondria, whereas caspase-8 cleavage was not affected by this inhibitor. In contrast, blockade of caspase-8 with Ile-Glu-Thr-Asp-fluoromethyl ketone is sufficient to prevent formation of DNA fragments and to inhibit all the above signaling events, with exception of p38 phosphorylation, in both singlet oxygen-and H 2 O 2 -treated cells. These data suggest that caspase-3 activation is regulated through redundant signaling pathways that involve p38 and caspase-8 acting upstream of Bid during singlet oxygen-induced apoptosis, whereas the activation of caspase-3 by H 2 O 2 is only governed by a caspase-8-mediated apoptotic pathway.
pathways have been implicated in apoptosis induced by a variety of apoptotic stimuli (9, 10) .
The MAPKs include extracellular signal-regulated kinase (ERK), c-Jun NH 2 -terminal protein kinase (JNK), and p38 kinase. ERK is generally considered to be a survival mediator involved in the protective actions of growth factors in apoptosis (11, 12) , whereas p38 and JNK are usually referred to as stress-stimulated MAPKs, which are required for the induction of apoptosis by diverse stimuli such as UV irradiation, osmotic shock, and oxidants (13) (14) (15) . The p38 subfamily of MAPK consists of p38␣, p38␤, p38␥, and p38␦ and can phosphorylate the transcription factors activating transcription factor-2 and myocyte enhancer binding factor 2C (16, 17) . Two protein kinase substrates of MAPK, MAP kinase-activated protein kinase 2/3 and heat shock protein 27, have also been identified to be targets of p38 (18) . All members of the p38 family are activated through phosphorylation on threonine and tyrosine residues by an upstream dual-specificity kinase, MAPK kinase 6, and p38␣, p38␥, and p38␦ are also activated by MAPK kinase 3 (19 -22) . p38␣ and p38␤ can be specifically inhibited by the pyridinyl imidazole compound SB203580 through binding in the ATP pocket (23, 24) , whereas p38␥ and p38␦ are not sensitive to this drug (20 -22) .
Caspases are a family of specific cysteine proteases, and their activation is critical in the intracellular execution of programmed cell death. Among the more than ten members that have been identified, caspase-3 is a major player in the effector phase of apoptosis induced by a variety of stimuli (25) . It has been demonstrated that caspase-3 activation is regulated by at least two mechanisms; one involves a direct pathway from caspase-8 and the other is mediated by caspase-9 following the release of cytochrome c from mitochondria (26) . In death receptor-mediated apoptosis, caspase-8 is capable of promoting release of cytochrome c by inducing cleavage of Bid, a Bcl-2-related protein containing a BH3 domain (27) . Recently, it has been shown in type II cells, including HL-60 cells, that cytochrome c-mediated activation of caspase-3 plays an important role in apoptosis induced by H 2 O 2 (28) , whereas singlet oxygeninduced apoptosis involves caspase-8-mediated cytochrome c release and caspase-3 activation (7).
Because both stress kinase and caspase pathways are activated and involved in apoptosis, considerable attention has recently been focused on the elucidation of interactions between these two signaling cascades. It was shown that in caspase-8-deficient Jurkat cells, Fas antibody did not activate JNK and p38 (29) and that overexpression of caspase-8 stimulated the JNK activity (30) , indicating that initiator caspases can function upstream of stress kinases in apoptotic signaling. However, it seems that the effector caspases such as caspase-3 function downstream of JNK or p38, because overexpression of inactivated JNK or treatment of cells with a p38 inhibitor blocked caspase-3 activation (31) (32) (33) (34) , whereas overexpression of components upstream of JNK and p38 stimulated caspase-3 activation (35, 36) . Although those studies indicate cross-talk between the two signaling pathways, it is still not clear at which level stress kinases are coupled to the caspase pathway leading to activation of caspase-3.
In this study, we attempted to gain further insight into the mechanism by which p38 mediates caspase-3 activation during apoptosis induced by oxidants. Two oxidants, singlet oxygen and H 2 O 2 , were used to test the generality of the results. Singlet oxygen and H 2 O 2 selectively induced phosphorylation of p38; however, p38 activation is required for singlet oxygenbut not H 2 O 2 -stimulated apoptosis. We also demonstrated that activation of caspase-3 by oxidative stress is differentially regulated, with involvement of both p38 and caspase-8 in the singlet oxygen-mediated apoptotic pathway upstream of Bid but only by caspase-8 in H 2 O 2 -stimulated apoptosis.
EXPERIMENTAL PROCEDURES
Materials-Rose bengal was from Aldrich, and hydrogen peroxide was from Fisher. SB203580 was purchased from Alexis Biochemicals, and anti-poly(ADP-ribose) polymerase antibody was from Calbiochem. The colorimetric synthetic peptide substrate, acetyl-Asp-Glu-Val-Asp-7-amino-4-p-nitroanilide, and the inhibitors for caspases, Z-Asp(OMe)-Glu(OMe)Val-Asp(OMe)-fluoromethyl ketone and Z-Lle-Glu(OMe)-ThrAsp(OMe)-fluoromethyl ketone, were supplied by Enzyme Systems Products.
5,5Ј,6,6Ј-tetrachloro-1,1Ј,3,3Ј-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) was from Molecular Probes. Anti-total ERK1/2 (ERK-CT) and caspase-8 antibodies were from Upstate Biotechnology Inc., rabbit anti-phospho-ERK1/2, anti-phospho-p38, anti-ERK1/2, and anti-p38 were from New England Biolabs, anti-phospho-JNK54/46 and anti-JNK54/46 were from Santa Cruz Biotechnology, and anti-cytochrome c was from PharMingen. Anti-human Bid was a gift from Dr. Junying Yuan, and anti-mitochondrial heat shock protein 70 was from Affinity BioReagents Inc. All chemicals and monoclonal anti-actin antibody (clone AC-40) were from Sigma.
Cell Culture-Human promyelocytic leukemia HL-60 cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum. Cells were passaged twice a week and used between passages 20 and 40.
Generation of Singlet Oxygen and Treatment with H 2 O 2 -After washing once with RPMI 1640 without phenol red, cells were incubated in the same medium with 3 M Rose Bengal (RB) for 15 min at room temperature and then exposed to light at 514 nm from an argon laser (Innova 100, Coherent). Irradiated or untreated cells were incubated in RPMI 1640 medium with 10% fetal bovine serum at the concentration of 2 ϫ 10 5 cells/ml for the indicated times before harvesting. For H 2 O 2 treatment, the stock H 2 O 2 was directly added to the medium to give a final concentration of 50 M. When required, cells were incubated with the p38 inhibitor, SB203580, or inhibitors for caspases 1 h prior to treatments.
Morphological Change-After treatment and incubation, cells were harvested, fixed with methanol, and then incubated for 15 min in diamidinophenylindole (DAPI) solution (1 mg/ml). The nuclear morphology of the cells was observed under a fluorescence microscope. Cells with condensed or fragmented nuclei were considered to be apoptotic. 500 cells were counted for each sample, and the number of apoptotic cells was expressed as the percentage of the total cell population.
Western Blot Analysis-Cells were centrifuged for 5 min at 200 ϫ g, washed once with phosphate-buffered saline without Ca 2ϩ and Mg 2ϩ (PBS), and then suspended in the lysis buffer (0.25 M Tris-HCl, pH 6.8, 4% SDS, 10% glycerol, 0.1 mg/ml bromphenol blue, 0.5% 2-mercaptoethanol). After sonication for 15 s, equal amounts of the total cellular protein lysates were separated with 10% polyacrylamide gels. For detection of cytochrome c, mitochondrial lysate was first prepared (see below) and then loaded on 15% polyacrylamide gels. The proteins in gels were electrophoretically transferred to nitrocellulose membrane. Following treatment with 5% skim milk at 4°C overnight, the membranes were probed with various antibodies (see "Materials") for 1 h followed by appropriate horseradish peroxidase-conjugated secondary antibodies (Amersham Pharmacia Biotech). Bound antibodies were visualized by chemiluminescence detection on autoradiographic film. Caspase Activity Assay-The activities of caspases were measured by the fluorometric assay following the manufacturer's instructions. Briefly, untreated or treated cells were incubated for the indicated times and then harvested. Cells (2 ϫ 10 6 ) were lysed in 0.1 M HEPES buffer, pH 7.4, containing 2 mM dithiothreitol, 0.1% CHAPS, and 1% sucrose. Cell lysates were incubated with 20 l of 80 M fluorogenic substrate, acetyl-Asp-Glu-Val-Asp-7-amino-4-p-nitroanilide, for 30 min at 30°C. The release of p-nitroanilide was measured with excitation at 400 nm using a fluorescence spectrophotometer (Spectra Max 340 PC).
Preparation of Mitochondria-Mitochondria was prepared following the procedures described previously (7) . Briefly, cells (5 ϫ 10 6 ) were harvested by centrifugation at 600 ϫ g for 10 min. After washing once with ice-cold PBS, cell pellets were resuspended in buffer A (20 mM HEPES-KOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM sodium EDTA, 1 mM sodium EGTA, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonylfluoride) containing 250 mM sucrose. The cells were homogenized with 20 strokes using a homogenizer (Kontes Glass Co.) and then centrifuged twice at 750 ϫ g for 10 min at 4°C. The harvested supernatants were centrifuged at 10,000 ϫ g for 10 min at 4°C, and the resulting mitochondrial pellets were dissolved in 1 ϫ SDS sample buffer. Western blots were performed as described above.
Determination of Mitochondrial Membrane Potential-The mitochondrial transmembrane potential was assessed by using JC-1, a lipophilic cation that can selectively enter into mitochondria. This mitochondrial dye, which normally exists in solution as a monomer emitting a green fluorescence, forms a dimer emitting red fluorescence in a reaction driven by the mitochondrial membrane potential. The change in fluorescence can be detected by flow cytometry with fluorescence channel (FL1) 530/30 nm for green emission and (FL2) 585/42 nm for red emission. The decrease in the red/green fluorescence intensity ratio indicates mitochondrial depolarization. Cell staining was performed following the manufacturer's instructions. Briefly, 1 ϫ 10 6 cells were incubated with 10 mg/ml of JC-1 for 10 min at 37°C and then washed twice in cold PBS. Cell suspension in PBS (1 ml) was analyzed by flow cytometry (FACScalibur, Becton Dickinson).
RESULTS

Activation of p38, but Not JNK and ERK1/2, during Singlet
Oxygen-or H 2 O 2 -induced Apoptosis-To determine whether MAPKs were activated during the course of apoptosis induced by oxidants, we monitored the activation of three members of the MAPK family, p38, JNK54/46, and ERK42/44, by Western blot analysis with antibodies that recognize the activated phosphorylated forms of the three kinases. Cell extracts were analyzed at different times following treatment with oxidants. Singlet oxygen was generated in the cell suspension by photosensitization with RB. As shown in Fig. 1A , irradiation of cells in the presence of RB resulted in a dramatic increase in the level of phosphorylated p38, indicating its activation. The increase in p38 activity was detectable at 0.5 h, reached a maximum level by 1 h, and remained elevated until 4 h. The total cellular p38 level remained constant over the time course (Fig.  1A, left panel) . In contrast to p38, phospho-JNK54/46 signals were not detected at any time up to 4 h (Fig. 1B, left panel) , although the antibody used could detect phosphorylation of these two JNKs in osmotic stress-treated HL-60 cells (data not shown), and these proteins are also highly expressed in this cell type, as demonstrated by Western blotting with anti-total JNK 54/46 antibody (Fig. 1B, left panel) . Under the cell incubation conditions a basal level of phospho-ERK42/44 was detectable, which did not change further after singlet oxygen treatment, when the total ERK 42/44 proteins were normalized in individual samples (Fig. 1C, left panel) .
To distinguish whether induction of p38 phosphorylation was specific for singlet oxygen, we also stimulated HL-60 cells with H 2 O 2 . As shown in Fig. 1A , right panel, incubation of cells with H 2 O 2 caused p38 phosphorylation with similar kinetics to that induced by singlet oxygen, although the degree of phosphorylation is relatively weaker than that induced by singlet oxygen. This change took place without activation of JNK54/46 ( Fig. 1B, right panel) or alteration of the levels in ERK42/44 phosphorylation over the time course (Fig. 1C, right panel) . These data suggest that oxidants, at least singlet oxygen and H 2 O 2 , can selectively induce activation of p38, but not JNK and ERK, during apoptosis of HL-60 cells.
Effect of SB203580 on Singlet Oxygen-and H 2 O 2 -induced Apoptosis in HL-60
Cells-Previously, we demonstrated that a significant increase of apoptotic cells was seen at 2 h after treatment with singlet oxygen (6) . Similar to this finding, induction of apoptosis also appeared at 2 h when HL-60 cells were incubated with 50 M H 2 O 2 , as demonstrated by DAPI staining ( Fig. 2A) and DNA ladder analysis (data not shown). These results indicate that the onset of apoptosis is an event following initiation of p38 activation in response to singlet oxygen and H 2 O 2 in HL-60 cells.
To address the potential involvement of p38 in oxidative stress-induced apoptosis, SB203580, a pyridylimidazole derivative, was used before photosensitization of cells with RB and visible light or addition of H 2 O 2 . SB203580 is a highly specific inhibitor of p38 and has no inhibitory activity against ERK1/2, JNK, protein kinase c, calmodulin-dependent protein kinase, or cAMP-dependent protein kinase (37, 38) . As shown in Fig. 2B , preincubation of cells with this agent inhibited the formation of DNA fragments induced by singlet oxygen in a dose-dependent fashion, with a detectable inhibition at 5 M. The maximum effect was seen in cells treated with 20 M (left panel). However, SB203580 did not exhibit an inhibitory effect on H 2 O 2 -induced DNA fragmentation when the same concentrations were used (right panel), which is consistent with a report that SB203580 did not affect cell survival in HeLa cells treated with H 2 O 2 (39) .
To ascertain whether SB203580 could actually block singlet oxygen-or H 2 O 2 -induced activation of p38, we examined the effect of SB203580 on phosphorylation of p38. As shown in Fig.  2C , pretreatment of cells with SB203580 dose dependently inhibited singlet oxygen-induced p38 phosphorylation, with an observable effect at 5 M and complete inhibition at 20 M (upper panel), which is consistent with its inhibitory effect on apoptosis induced by singlet oxygen. H 2 O 2 -induced p38 phosphorylation was more sensitive to SB203580, whereas 5 M SB203580 was sufficient to prevent p38 phosphorylation (lower panel). The inhibition of p38 phosphorylation by SB203580 is not due to a decline in p38 kinase protein abundance, because SB203580 does not alter the abundance of this protein as showed by Western blot analysis with anti-total p38 antibody (Fig. 3C) . These results suggested that p38 activation is necessary for apoptosis induced by singlet oxygen but not by H 2 O 2 in HL-60 cells. However, we can not exclude the possibility that p38␦ plays a role in mediating H 2 O 2 -induced apoptosis, because among the four isoforms of p38 that have been identified thus far, the p38␦ isoform is also expressed in blood cells (40) and can be activated by H 2 O 2 in T lymphocytes (41) but is resistant to SB203580 (19 -22, 42) .
Interaction of p38 MAPK and Caspase-3 during Singlet Oxygen-and H 2 O 2 -induced Apoptosis-It has been shown that caspase-3 mediates apoptosis induced by singlet oxygen or H 2 O 2 in HL-60 cells (2, 6) . Here we further demonstrate that activation of caspase-3 is accompanied by cleavage of a 32-kDa procaspase-3 into an active 17-kDa fragment during apoptosis induced by either singlet oxygen or H 2 O 2 . The appearance of this fragment was detected at 2 h and persisted until 4 h, which closely parallels the apoptotic process occurring in these cells (Figs. 2A and 3A and Ref. 6) .
Because both p38 and caspase-3 mediate apoptosis induced by oxidants and p38 activation precedes caspase-3 activation as shown above, the regulatory relationship between these two apoptotic molecules was investigated. Inhibition of p38 with SB203580 was able to partially block singlet oxygen-induced caspase-3 cleavage as shown by a decrease of cleaved caspase-3 fragments and corresponding restoration of procapase-3. This change occurred in a dose-dependent manner, with a maximum affect in 20 M (Fig. 3B, upper panel) . Consistent with this result, SB203580 also partially inhibited the singlet oxygenstimulated caspase-3-like activities measured in vitro using DEVD as a substrate (Fig. 3C) . However, treatment of cells with SB203580 did not interfere with caspase-3 cleavage/activation induced by H 2 O 2 (Fig. 3, B, lower panel and C) .
To determine whether caspase-3 had a regulatory effect on p38 phosphorylation in oxidant-treated cells, we also tested the effect of DEVD-FMK, an irreversible caspase-3 inhibitor, on p38 phosphorylation induced by singlet oxygen or H 2 O 2 . As shown in Fig. 3D , although DEVD-FMK blocked apoptosis induced by both oxidants and cleavage of PARP, a substrate of caspase-3, in a dose-dependent manner, it did not alter the induction of p38 phosphorylation by either oxidant. These data, together with the effect of SB203580 on oxidant-mediated caspase-3 activation, suggest that p38 may interact with caspase-3 or function upstream of this caspase in the signaling pathway resulting in caspase-3 activation in singlet oxygenbut not in H 2 O 2 -treated cells.
Interaction between p38 and Caspase-8 -To identify the target by which p38 mediates caspase-3 activation, we examined the effect of the p38 inhibitor on cleavage of caspase-8, an upstream activator of caspase-3. Caspase-8 mediates caspase-3 activation during singlet oxygen-induced apoptosis in HL-60 cells (7). H 2 O 2 treatment also causes caspase-8 degradation, resulting in the appearance of p42/41-kDa fragments (Fig. 4A,  right panel) . As shown in Fig. 4A , SB203580 treatment did not alter caspase-8 cleavage induced by either singlet oxygen or H 2 O 2 at concentrations capable of inhibiting caspase-3 degradation, indicating that p38-mediated caspase-3 activation is not through caspase-8. In addition, inhibition of caspase-8 with IETD-FMK, a selective irreversible peptide inhibitor, did not interfere with singlet oxygen-or H 2 O 2 -stimulated p38 phosphorylation (Fig. 4B ) even at concentrations that effectively prevented the cleavage of procaspase-3 and formation of nuclear fragmentation induced by both oxidants (Fig. 4, C and D) . These data suggest that p38-mediated caspase-3 activation is not associated with caspase-8.
Previously, we have shown that IETD-FMK can completely inhibit caspase-8 cleavage in HL-60 cells (7) . Blockade of caspase-3 cleavage by IETD-FMK suggested that caspase-8 mediates caspase-3 activation in singlet oxygen-induced apoptosis. To rule out the possibility that IETD-FMK might have a direct effect on caspase-3 in intact cells, we tested the effect of IETD-FMK on caspase-3 cleavage induced by ceramide and staurospone, two stimuli that induce apoptosis in a caspase-8-independent mechanism (43, 44) . Thus, IETD-FMK should not inhibit caspase-3 cleavage induced by treatment with ceramide or staurospone if it is a specific inhibitor for caspase-8. As shown in Fig. 4E , when cells were pretreated with IETD-FMK at various concentrations up to 200 M, the cleavage of caspase-3 and PARP induced by either ceramide or staurospone was not inhibited, whereas IETD-FMK at 200 M was enough to block cleavage of both caspase-3 and -8 in HL-60 cells exposed to singlet oxygen (Fig. 4C and Ref. 7) . These results clearly indicate that IETD-FMK is a highly selective inhibitor for caspase-8 in intact cells and support our previous proposal that caspase-3 acts downstream of caspase-8 in singlet oxygeninduced apoptosis (7) .
Effects of SB203580 and IETD-FMK on Cleavage of Bid and Decrease in Mitochondrial Transmembrane Potential in Singlet
Oxygen-and H 2 O 2 -induced Apoptosis-Although the above data indicate that caspase-8 does not mediate the action of p38 in activation of caspase-3, and also that p38 is not downstream of caspase-8, they do not rule out the possibility that p38 might operate in a separate pathway to regulate signaling components involving caspase-3 activation. To test this hypothesis, we first investigated the effect of oxidative stress on Bid cleavage and mitochondrial membrane potential. Bid has been reported to mediate caspase-8-induced cytochrome c release from mitochondria in response to activation of cell surface death receptors (45, 46) . The decrease in mitochondrial membrane potential is a necessary step for inducing cytochrome c release and caspase-3 activation in the apoptosis induced by many stimuli, including oxidative stress (47, 48). proform. This change started within 2 h after treatment and gradually increased with incubation time. Western blot analysis confirmed equivalent levels of expression of actin at each time point, indicating that loss of Bid proform with increasing incubation time was not due to decreased expression of Bid protein. However, it was difficult to detect Bid fragments, although this antibody was reported to be able to recognize the 15-kDa fragment of Bid in Fas-induced apoptosis of Jurkat cells (45) .
We used the fluorescent dye JC-1 to measure mitochondrial transmembrane potential following treatment. A loss in mitochondrial transmembrane potential was monitored by flow cytometry as a decrease in JC-1 aggregates (FL-2 channel). We detected a loss in mitochondrial transmembrane potential 2 h after cells were photosensitized with visible light and RB or exposed to H 2 O 2 (Fig. 5B) . These data indicate that singlet oxygen-or H 2 O 2 -induced apoptosis is accompanied by Bid cleavage and loss of mitochondrial transmembrane potential in HL-60 cells, which precede or parallel caspase-3 activation.
We then examined the role of p38 activation in cleavage of Bid and change of mitochondrial transmembrane potential induced by those oxidants using SB203580. Fig. 6A showed that treatment of cells with 20 M SB203580 largely blocked Bid cleavage, resulting in partial restoration of Bid proform in photosensitized but not H 2 O 2 -treated cells. Consistent with this result, SB203580 also inhibited loss of mitochondrial transmembrane potential induced by singlet oxygen. However, H 2 O 2 -induced loss of mitochondrial transmembrane potential was not affected by this inhibitor (Fig. 6B) . In contrast to this result, preincubation of cells with IETD-FMK completely prevented Bid cleavage and mitochondrial dysfunction induced by both oxidants (Fig. 6, C and D) . These results indicate that p38 mediates Bid cleavage and loss of mitochondrial transmembrane potential in singlet oxygen-but not H 2 O 2 -initiated apoptotic signaling pathways, whereas caspase-8 is at the same level in the signaling pathways initiated by both oxidants.
Effect of p38 and IETD-FMK on Singlet Oxygen-and H 2 O 2 -induced Cytochrome c Release-As cytochrome c release is a critical step in activation of caspase-3 and apoptosis induced by many different stimuli, and because singlet oxygen and H 2 O 2 induce release of cytochrome c (7, 26, 49) , we further examined the role of p38 in this event. SB203580 partially blocked singlet oxygen-induced release of cytochrome c but did not decrease H 2 O 2 -stimulated release of cytochrome c. In fact, inhibition of p38 seemed to slightly promote cytochrome c release (Fig. 7A) . In contrast, pre-incubation of cells with IETD-FMK prevented loss of cytochrome c from mitochondria in either photosensitized or H 2 O 2 -treated cells (Fig. 6B) , emphasizing the importance of caspase-8 in mediating cytochrome c release in the oxidant-initiated apoptotic pathway. To verify that the change of mitochondrial cytochrome c is due to its release to the cytosol Fig. 3 . p38 mediates activation of caspase-3 in singlet oxygenbut not in H 2 O 2 -induced apoptosis. A, after cells were photosensitized (PS) or exposed to H 2 O 2 and then incubated for the indicated times, cell lysates were analyzed with antibody to caspase-3. B, cells were pre-incubated with SB203580 (SB) for 1 h at various concentrations as indicated and then photosensitized (PS) or exposed to H 2 O 2 . Following incubation for 3 h, cells were harvested, and cell lysates were analyzed by immunoblotting with antibody to caspase-3. C, cells were treated with 20 M SB203580 (SB) for 1 h and then photosensitized (PS) or exposed to H 2 O 2 . After incubation for 3 h, cells were harvested and DEVD-pNA cleavage activity was measured as described under "Experimental Procedures." D, after pre-incubation with DEVD-FMK (DEVD) for 1 h at various concentrations as indicated, cells were photosensitized (PS) or exposed to H 2 O 2 and then incubated for 3 h. Cells were stained with DAPI, and cell lysates were analyzed with antibody to phopho-p38 (p-p38), p38, or PARP, respectively. Results are representative of three independent experiments. rather than loss of mitochondria during the process of purification, we also analyzed mitochondrial heat shock protein using the same mitochondrial lysates; the densities are almost the same in each sample (Fig. 7B) . These results suggest that activation of p38 only contributes to the singlet oxygen-induced pathway leading to cytochrome c release; however, caspase-8 participates in regulation of cytochrome c release by both oxidants during the apoptotic process. DISCUSSION JNK and p38 kinase pathways are responsive to reactive oxygen species and involved in apoptosis (13, 50) . Numerous studies have shown that induction of these two pathways is coordinately regulated by a variety of stimuli, including oxidative stress (13, 39, 51) ; however, selective activation of p38 kinase by reactive oxygen species has also been reported in some cell systems by different types of oxidants. For example, nitric oxide induces activation of p38, but not JNK, in HL-60 cells (32) , and H 2 O 2 preferentially stimulates p38 phosphorylation without much effect on JNK activity in vascular cells (18) . In this study, we demonstrate that treatment of HL-60 cells with singlet oxygen and H 2 O 2 results in a rapid phosphorylation of p38, whereas JNK54/46 are not phosphorylated. The p38 activation occurs within 30 min after exposure to both oxidants, which is prior to the onset of apoptosis.
p38 is required for the apoptosis induced by singlet oxygen but not for that induced by H 2 O 2 . This conclusion is based on the observation that when cells were treated with p38 inhibitor SB203580 the formation of DNA fragments induced by singlet oxygen were partially inhibited, whereas H 2 O 2 -induced nuclear cleavage was not altered by this inhibitor up to 20 M (Fig. 2B) . Failure of this inhibitor to prevent apoptosis induced by H 2 O 2 does not appear to be due to the concentration used. H 2 O 2 -induced p38 phosphorylation was more sensitive to SB203580 with complete inhibition at 5 M (Fig. 2C) . Also 5 M of this agent has been shown to block H 2 O 2 -induced activation of MAPKAP kinase-2, a downstream molecule of p38, in vascular endothelial cells (18) . Thus, the different effects of SB203580 on singlet oxygen-and H 2 O 2 -induced apoptosis suggest that p38 is involved in the regulation of singlet oxygen, but not H 2 O 2 -triggered, apoptotic pathways.
Caspase-3 is a key protease mediating apoptosis induced by singlet oxygen and H 2 O 2 in HL-60 cells (2, 6) . In this study, we further confirmed this point by showing that blockade of caspase-3 with DEVD-FMK could completely inhibit apoptosis induced by both oxidants. However, inactivation of caspase-3 did not inhibit induction of p38 phosphorylation by either oxidant, suggesting that caspase-3 acts downstream of p38 or independent of this kinase in oxidant-elicited signaling pathways. Treatment of cells with SB203580 attenuates the cleavage/activation of caspase-3 by singlet oxygen, but not H 2 O 2 , supporting the idea that p38 resides upstream from caspase-3 in singlet oxygen-induced apoptosis, whereas p38 is not coupled to an H 2 O 2 -initiated apoptotic pathway that leads to caspase-3 activation. Assuming that p38 is not a direct caspase-3 kinase, p38 must be able to affect caspase-3 through regulating the signaling events that are associated with caspase-3 activation.
Although caspase-8 is one of most upstream components in a caspase cascade, and we have previously shown that caspase-8 mediates activation of caspase-3 in apoptosis induced by singlet oxygen (7), our results indicate that p38-mediated activation of caspase-3 is not associated with caspase-8. The lack of interaction between p38 and caspase-8 was shown by the inability of SB203580 to inhibit cleavage of caspase-8 and of IETD-FMK to block p38 phosphorylation at doses sufficient to block caspase-3 cleavage and DNA fragmentation (Fig. 4) . It is possible that caspase-3 activation initiated by p38 phosphorylation is involved in up-regulation of Fas ligand. p38 has been reported to be required for Fas ligand expression by stress agents such as anisomycin (41) , and treatment of cells with H 2 O 2 or singlet oxygen up-regulates the Fas mRNA level in some cell types (8, 50, 52) . However, both singlet oxygen and H 2 O 2 -induced apoptosis are rapid processes in HL-60 cells, occurring within 2 h ( Fig. 2A and Ref. 6 ), whereas induction of Fas expression is only detectable after 4-h incubation following treatment with those oxidants, making this mechanism unlikely (8, 50) .
Interestingly, we found that induction of apoptosis induced by singlet oxygen is accompanied by Bid cleavage, which could be inhibited by SB203580. This suggests that p38 functions upstream of Bid in a singlet oxygen-stimulated signaling pathway. Initially, Bid was reported to be a specific proximal substrate of caspase-8 in the Fas signaling pathway (45, 46) . Very recently, Bid cleavage was also demonstrated in chemical (etoposide)-induced apoptosis (53) . Caspase-8 cleaves Bid, and the COOHterminal portion translocates to mitochondria, where it triggers mitochondrial transmembrane potential depolarization and cytochrome c release (45) . Mitochondrial damage and release of cytochrome c have been identified as key events in mediating activation of downstream caspases, including caspase-3, in apoptosis stimulated by most apoptotic inducers (26) . Thus, if Bid is really a target of p38, the downstream events of Bid should be blocked by SB203580. We tested the effects of SB203580 on events downstream of Bid that are associated with caspase-3 activation and found that treatment of cells with SB203580 reduced the loss of mitochondrial membrane potential and cytochrome c release after production of singlet oxygen (Figs. 6 and 7) . These results, together with demonstration of inhibition of caspase-3 but not caspase-8 by SB203580, strongly support the notion that p38 exerts its apoptotic effect through activation of Bid in singlet oxygen-induced apoptosis.
Our results showed, surprisingly, that even though phospho- state of oxygen that is formed when RB absorbs visible light energy and then transfers that energy to dissolved oxygen. Singlet oxygen rapidly oxidizes nearby cellular molecules including unsaturated lipids, oxidizable amino acids, and thiol compounds; these reactions do not allow singlet oxygen to diffuse more than ϳ0.10 m from where it is formed (54, 55) . Because confocal microscopy showed that RB is mainly in the cytoplasm and plasma membrane in HL-60 cells, 2 singlet oxygen reacts with molecules in these locations. In contrast, hydrogen peroxide is relatively unreactive and diffuses throughout cells until it breaks down by metal ion catalysis to yield the highly reactive hydroxyl radical or is enzymatically destroyed by catalase. Reaction of hydroxyl radical with mitochondrial components leads to generation of additional oxidants. Hydroxyl radicals react more rapidly with most cellular molecules than does singlet oxygen. The absence of activation of Bid by phosphorylated p38 in H 2 O 2 -treated cells may be due to the reactions of hydroxyl radical with cell components that lead to inhibition of the activation pathway or that induce additional signaling pathways that counteract the processes initiated by activated p38. Either because of its subcellular location or its lower reactivity, these chemical reactions may not occur with singlet oxygen. These results suggest that different oxidants can initiate different pathways; further studies are required to define these differences.
In line with the role of caspase-8 in death receptor-mediated apoptosis, caspase-8 also mediates cleavage of Bid and a series of downstream events in apoptosis induced by oxidants. However, in contrast to p38, caspase-8 functions upstream of Bid in both singlet oxygen-and H 2 O 2 -induced apoptotic pathways, because selective inhibition of caspase-8 by IETD-FMK blocked Bid cleavage, mitochondrial transmembrane depolarization, cytochrome c release, caspase-3 processing, and apoptosis induced by either singlet oxygen or H 2 O 2 (Figs. 4, 6 , and 7). Because both caspase-8 and p38 act as upstream signals to regulate Bid-initiated events, the question is raised of how they operate in intracellular signaling pathways. One possibility is that there are two pathways above Bid, one from caspase-8 and another one from p38, which separately lead to Bid cleavage and then propagates the signal to mitochondria. The pathway from caspase-8 appears to dominate, because the inhibitory effect conferred by SB203580 on all events was only partial, whereas inhibition by IETD-FMK was nearly total. Another possibility is that caspase-8 cleaves Bid, resulting in mitochondrial damage, cytochrome c release, and, as a consequence, activation of caspase-3. Caspase-3 would then induce cleavage of Bid via p38 activation. However, the finding that DEVD-FMK did not affect p38 phosphorylation induced by singlet oxygen does not support this possibility (Fig. 3D) .
The mechanism by which p38 activation leads to Bid activation remains to be elucidated. In the case of receptor-mediated apoptosis, Bid activation depends on cleavage by caspase-8 at Asp-59. Bid is cleaved into 15-and 13-kDa fragments when apoptosis is induced in Jurkat cells by anti-Fas antibody (45) . However, we did not detect those fragments using the same anti-Bid antibody in HL-60 cells even when the proform of Bid was reduced during apoptosis, an event that can be inhibited by blocking p38 or caspase-8 activation (Fig. 5A) . One possible explanation for this result is that cleavage of Bid initiated by p38 occurs in different sites, and the resulting fragments can not be recognized by this antibody. Because p38 is a threonine and tyrosine kinase exhibiting its regulatory actions on the downstream molecules through phosphorylation, it is also possible that Bid could be activated by this form of post-translational modification. This is suggested by a recent finding that Bcl-2, another BH3-containing protein can be phosphorylated at threonine 69 by an apoptosis signal-regulating kinase/JNK pathway (56) . Whatever mechanisms are involved in the acti- 2 Unpublished results. vation of Bid by the p38 pathway, further in vitro and in vivo studies are required to determine whether Bid is a direct target of p38 or mediated by downstream molecules of the p38 pathway.
In summary, this report is the first to show that p38 mediates singlet oxygen-induced apoptosis through Bid and to provide evidence that stress signaling molecules can integrate into an apoptotic caspase pathway with Bid as a possible adaptor molecule as summarized by the model in Fig. 8 . Singlet oxygen selectively activates p38 and also activates caspase-8. Both p38 and caspase-8 signal to and activate Bid. The active Bid triggers the loss of mitochondrial transmembrane potential, cytochrome c release, effector caspase activation, and finally apoptosis. In this model, caspase-8 might mediate a dominant signaling pathway that is responsible for Bid activation, and p38 would regulate Bid activation in a redundant manner. Although caspase-8 mediates a signaling pathway leading to caspase-3 activation in cells treated with H 2 O 2 , p38 is not involved in this pathway.
